ABSTRACT: An investigation is conducted on the unsteady flow characteristic of a variable turbine guide vane. Subsequently, an analysis is performed on the unsteady flow characteristic under three situations, namely, no gap, partial gap, and full gap at the endwall of a variable guide vane. Investigation result demonstrates that an obvious leakage flow will occur when a partial gap or a full gap is present at the endwall of a variable turbine guide vane. Such leakage flow will cause turbine grade loss to deteriorate. The periodic unsteady effect will be evident when the running rotor blades cut through the leakage flow. Pressure and temperature pulsations will both be higher when the gap at the endwall is full compared with when it is partial.
INTRODUCTION
High thermal efficiency and economy will be achieved when a gas turbine works at its design condition. By contrast, when a gas turbine works at an off-design condition, the efficiency of its components will decrease and its performance will deteriorate. Adjusting a variable turbine guide vane is an effective means to improve gas turbine performance at an off-design condition. This approach can control turbine flow by adjusting the profile angle of the turbine guide vane, and thus, improve turbine efficiency and reform starting characteristics and acceleration [1, 2] . During the 1950s, David and William conducted an investigation on the performance of an engine with a variable turbine guide vane. Their results demonstrated that adjusting the profile angle of the turbine guide vane could efficiently reduce specific fuel consumption under variable conditions [3] . A tip clearance must be present at the endwall of the turbine guide vane to adjust its profile angle. However, this condition causes leakage flow at the endwall clearance of the variable turbine guide vane as well as leakage loss at the endwall [5, 6] . This situation is notably different from the working conditions of a traditional turbine guide vane.
An example of a variable turbine guide vane is shown in Figure 1 [6] . This guide vane can reduce endwall clearance and leakage loss with the assistance of the flow channel surface. However, clearance leakage flow will remain. The emergence of leakage flow can definitely affect the unsteady flow characteristic of a turbine because gas turbine flow is 3D, viscous, and unsteady. Turbine unsteady characteristic is a hot research field of turbomachinery [7] [8] [9] [10] [11] [12] . At present, domestic and foreign scholars have preliminarily investigated the unsteady flow characteristic of variable radial turbine guide vanes [13] [14] [15] . However, research on the unsteady flow characteristic of variable axial turbine guide vanes remains limited. The current work conducts a specific investigation on the unsteady flow characteristic of a turbine under three different conditions, namely, full gap, partial gap, and no gap at the endwall of the variable guide vane. A comparative analysis of the three conditions is then conducted.
COMPUTATIONAL MODEL AND SETTING
The object in this study is a single-stage flow turbine with a variable guide vane, which is shown in Figure 1 . This turbine consists of a single-stage guide vane and a single-stage rotor blade. The guide vane is variable. Turbine structure is shown in Figure 2 . [6] . Three types of structures are analyzed in this study, namely, no gap (Figure 3(a) ), partial gap (Figure 3(b) ), and full gap (Figure 3(c) ) at the endwall, to compare the differences in unsteady flow characteristic between a variable turbine guide vane and a traditional turbine guide vane. The guide vane is not variable when no gap is found at the endwall. A partial gap is found at the endwall in the second structure. A platform is separately placed on each end of the vane, and four gaps exist at the vane tip and vane root. In Figure   3 (c), the guide vane is variable and has no platform. A gap exists on both ends of the vane. The ratio of the number of guide vanes to the number of rotor blades is 2:5 in one turbine. The rotor region contains five blades, and the stator region contains two vanes. The pitch ratio of the rotor region to the stator region is 1:1, which can fulfill the calculation requirement of unsteady flow. The software ANSYS is used for analysis. The grid topology is shown in Figure 4 , and the total number of grids is 4,000,000. The grid topology of different endwall structures are shown in Figure 5 . Grid density at the endwall and the gap is increased when calculation is performed. Grid quality is higher than 0.55. The average y+ of the first-layer grid next to the wall is approximately 1. The SST k-ω model is used in the turbulence model in this study. Total pressure, total inlet temperature, and static outlet pressure are provided before calculation. The flow angle is set to 0°. Turbulivity is set to 5%. The time step of each rotor blade channel is set to 10. Monitoring points are set up separately at the areas of 5% and 95% height of the rotor blade leading edge ( Figure 6 ) to monitor effectively the unsteady flow characteristic of the leakage flow at the endwall of the variable guide vane.
RESULTS OF THE CALCULATION AND ANALYSIS

Gap Leakage Flow at the variable turbine guide vane endwall
Leakage flow does not occur at the non-variable turbine guide vane because no gap exists at the endwall. When a partial gap is present at the endwall, four gaps will separately exist in front of the shroud, behind the shroud, in front of the hub, and behind the hub. Leakage flow may occur at these positions because of the effect of pressure difference between the pressure surface and the suction surface of the guide vane ( Figure 7) . A shroud gap and a hub gap occur when a full gap is present at the endwall of the guide vane. In such case, two strong leakage flows will occur at these positions because of the effect of the pressure difference between the pressure surface and the suction surface of the guide vane ( Figure 8 ). The change in pressure at the monitoring points is depicted in Figure 9 , and good periodicity is demonstrated. When a full gap is present at the endwall of the guide vane, the amplitude of pressure fluctuation obviously increases compared with those under the conditions with no gap and with partial gap. The amplitude of pressure fluctuation at the vane tip monitoring point is approximately 6%, whereas that at the vane root monitoring point is approximately 7.5%. When a partial gap is present at the endwall of the guide vane, the amplitude of pressure fluctuation at the vane tip monitoring point is smaller than that under the no gap condition. The figure at the vane root monitoring point is similar to that under the no gap condition. The pressures at the vane tip and the vane root both appear as two peaks in one fluctuation period.
The change in temperature at the monitoring point is illustrated in Figure 10 , and good periodicity is demonstrated. When a full gap is present at the guide vane endwall, the amplitude of temperature fluctuation is obviously higher than those under the no gap and partial gap conditions. The amplitude of temperature fluctuation at the vane tip monitoring point is approximately 2.2%, whereas that at the vane root monitoring point is approximately 4.2%. The temperature appears as two peaks in one fluctuation period.
When no gap is present at the guide vane endwall, the amplitude of temperature fluctuation at the vane tip monitoring point is approximately 1%, whereas that at the vane root monitoring point is approximately 0.8%. When a partial gap is present at the guide vane endwall, the amplitude of temperature fluctuation nearly does not change at the vane tip, whereas that at the vane root is approximately 1.3%.
Interference between rotor blade and static
vane The investigations presented in the previous sections have proven that leakage flow at the variable guide vane endwall enhances the complexity of interference between the rotor blade and the static vane. When the clearance atthe variable guide vane endwall is a partial gap, the leakage flow is different from that under the full gap condition. The unsteady effect will be evident when the running rotor blades cut through the leakage flow.
The unsteady effect at different heights of the vane in the passage and various endwall gaps will be concretely analyzed in the next sections. Period T can be defined as the time when flow passes through one rotor blade passage. The distribution of entropy at 5%, 50%, and 95% height of the vane in the passage at different times of the same period is illustrated in Figures 11, 12, and 13 , respectively.
The following conclusions can be drawn from Figure 11: (1) When no gap occurs at the variable guide endwall, the entropy production of the static vane mainly occurs in the wake zone. The wake occurs in the rotor blade channel and mix into the high-entropy area because the rotating rotor blade cuts through the wake. Consequently, the high-entropy production area beside the rotor blade suction surface is extended and spread into the downstream flow.
(2) When a partial gap occurs at the variable guide vane endwall, the entropy production of the static vane will not only appear in the wake zone but also in another zone with an entropy increase, which results from clearance leakage flow. Then, entropy increases expand considerably compared with that under the condition with no clearance. The change in which leakage flow mixes into the rotor blade passage cannot be captured in this section, which is similar to the condition with no clearance.
(3) When a full gap occurs at the variable guide vane endwall, the leakage loss of the static vane increases compared with those under the conditions with partial or no clearance. Entropy increase is mainly produced by endwall leakage flow. Meanwhile, the entropy increase of the wake is comparatively smaller. The wake zone and the leakage flow clearly coexist at the exit of the static vane, and the wake zone will eventually close upon the leakage flow as flow develops. Finally, the wake zone and the leakage flow will mix and enter the rotor blade passage. The periodical unsteady effect will become evident when the running rotor blades cut through the leakage flow.
The following conclusion can be drawn from Figure  12 . The evident periodical unsteady effect occurs at the wake zone that is cut by the rotor blade with three types of construction of variable guide vane endwall gap. Although leakage flow occurs near the endwall, wake loss is also obviously influenced at the middle of the variable guide vane. Compared with the condition with no gap, the loss at 50% height of the variable guide vane increases slightly, whereas the loss significantly increases under the condition with full gap.
The following conclusions can be drawn from Figure 13 . The loss at the wake zone of the variable guide vane increases slightly compared with that under the condition with no gap. When a full gap occurs at the variable guide vane endwall, leakage loss near the static vane obviously increases, and then leakage flow gradually develops backwards and holds approximately two rotor blade passages in the entrance of the rotor blade. A conclusion can be drawn from the preceding analysis that the phenomenon of the rotor blade cutting through the leakage flow causes an evident periodical unsteady effect. 
CONCLUSIONS
This paper reports a numerical simulation study on the unsteady characteristic of gap leakage flow at a turbine variable guide vane endwall. The result of the study presents the following conclusion.
(1) When a partial gap occurs at the variable guide vane endwall, leakage flow is different from that under the full gap condition. Moreover the periodical unsteady effect will become evident when the running rotor blades cut through the leakage flow.
(2) Different endwall structures of the variable guide vane all exert an obvious influence on pressure and temperature pulsations at the rotor blade tip and the rotor blade root. Pressure and temperature pulsations are both larger when a full gap occurs at the endwall compared with that under the partial gap condition, which will adversely affect the fatigue life of the rotor blades.
(3) Stage turbine loss will increase with the variable guide vane endwall gap. The endwall gap does not only influence the flow at the rotor blade tip and the rotor blade root, but also the flow at the middle section of the blade.
